Abstract. An enigma of the Colorado Plateau high desert is the ''pothole'', which ranges from shallow ephemeral puddles to deeply carved pools. The existence of prokaryotic to eukaryotic organisms within these pools is largely controlled by the presence of collected rainwater. Multivariate statistical analysis of physical and chemical limnologic data variables measured from potholes indicates spatial and temporal variations, particularly in water depth, manganese, iron, nitrate and sulfate concentrations and salinity. Variation in water depth and salinity are likely related to the amount of time since the last precipitation, whereas the other variables may be related to redox potential. The spatial and temporal variations in water chemistry affect the distribution of organisms, which must adapt to daily and seasonal extremes of fluctuating temperature (0-60°C), pH changes of as much as 5 units over 12 days, and desiccation. For example, many species become dormant when potholes dry, in order to endure intense heat, UV radiation, desiccation and freezing, only to flourish again upon rehydration. But the pothole organisms also have a profound impact on the potholes. Through photosynthesis and respiration, pothole organisms affect redox potential, and indirectly alter the water chemistry. Laboratory examination of dried biofilm from the potholes revealed that within 2 weeks of hydration, the surface of the desiccated, black biofilm became green from cyanobacterial growth, which supported significant growth in heterotrophic bacterial populations. This complex biofilm is persumably responsible for dissolving the cement between the sandstone grains, allowing the potholes to enlarge, and for sealing the potholes, enabling them to retain water longer than the surrounding sandstone. Despite the remarkable ability of life in potholes to persist, desert potholes may be extremely sensitive to anthropogenic effects. The unique limnology and ecology of Utah potholes holds great scientific value for understanding water-rock-biological interactions with possible applications to life on other planetary bodies.
Introduction
Water-filled potholes and weathering pits have been used by humans and animals for millennia (e.g., Bayly, 1999) and have been given a wide variety of names such as ephemeral pools, cisterns, tanks, caldrons, water pockets, and tinajas (Netoff et al., 1995) . Intermittent ponds have been reported on a wide range of lithologies formed by a combination of physical, chemical, and biological processes (e.g., Udden, 1925; Reed et al., 1963; Twidale, 1982; Birkeland et al., 1987) .
Desert potholes are shallow puddles (cm-scale) to deep pools (dam-scale) that collect precipitation from their small catchments. Each is its own miniecosystem with complex connections and interrelationships between lifewater-host rock. Life is based on the presence of water, and both likely play an important role in how potholes form, develop and sustain life in the host rock substrate. In the desert environment, potholes are typically dry for part or all of the summer, and are only occasionally wet throughout the other seasons of the year. This desert regime produces extremely variable environmental conditions, yet despite this extreme variability, life both exists and persists in these pools.
Potholes have been recognized on a variety of substrates across the world (Williams, 1985) . In southern Utah there is a diverse suite of desert potholes that exhibit a number of physical forms, with different hydro-periods and diversity of biota. Although these potholes have received modest acclaim in National Park areas as well as in studies of Findley and Sisson (1975) , Barnes (1994) and Graham (1999) , much of the science of potholes has remained unexplored. Giant weathering pits within the Middle Jurassic Entrada Sandstone near Lake Powell, Utah were initially described by Netoff and Shroba (1993) and Netoff et al. (1995) .
The purpose of this paper is to describe the variety and extreme variations in the environmental conditions (physical and chemical) of desert potholes in the Moab area. As well, this paper investigates pothole biofilms, which are likely an important component to the pothole development. This paper also records organisms that have adapted to the variable conditions and considers the link between water-rock-biology.
Materials and Methods

LOCALITY
Potholes occur throughout much of the Colorado Plateau that is centered on the Four Corners area of Utah, Arizona, Colorado, and New Mexico. For this study, we focus on several Jurassic sandstone sites close to Moab, Utah ( Figure 1) where there are a variety of different pothole shapes and sizes ( Figure 2 ). The host rock for potholes is typically porous eolian sandstone.
Potholes are situated at three different location types: (1) at the top of the formation, where an overlying shale unit is preferentially weathered back to expose the more resistant sandstone; (2) on exposed regional supersurfaces (Kocurek, 1996) , and (3) along flat, exposed first-order bounding surfaces where horizontally laminated interdune deposits are common.
It is clear that the Utah potholes must be post-Jurassic (age of the host rock) and postdate the joint and fracture patterns along which they form. Joint patterns are likely Cenozoic in age, and associated with shifting of salt within the Paradox Basin (e.g., Doelling, 1988) and uplift and exposure on the Colorado Plateau in the last 6 million years or so (Hunt, 1969; Luchitta, 1979; Huntoon, 1988) . Pothole sites can vary from those that are relatively isolated to those that are greatly impacted by humans and livestock.
SAMPLING AND FIELD ANALYSIS
Four different sites were selected for sampling to reflect the variety of potholes, and are informally named: (1) Sand Flats (SAFT); (2) Swiss Cheese Figure 1 . Locality map of selected primary study pothole sites (not inclusive) in southeastern Utah. Pothole Flat locality is hosted at the very top of the Jurassic Navajo Sandstone and shows relatively simple pothole development. Sand Flat Recreation Area locality is hosted in the middle portion of the Jurassic Navajo Sandstone, and includes Swiss Cheese Ridge sample areas. Bartlett Wash locality is hosted in the Jurassic Curtis Formation/Moab Tongue of the Entrada Sandstone (see Figure 3 ). Both the Sand Flat Recreation Area and the Bartlett Wash localities show a range of relatively simple to moderately complex pothole development stages (see Figure 2 ). Ridge (SWCR); (3) Bartlett Wash (BARW), and Pothole Point (PHPT). One site ($150 km south of Moab) from Muley Point-Moki Dugway (MPMD) is also included for comparison (Figures 1 and 2) .
Water samples were collected from potholes from each of the four sites. A total of 39 measurements were taken representing 28 potholes (13 SWCR, 11 SAFT, 11 BARW, 3 PHPT and 1 MPMD) during five field excursions (5/99, 11/99, 2/00, 11/00, 4/01, 2/02). For a few potholes, measurements were taken in the same pothole over several years. For each pothole, specific conductivity and temperature were measured using a YSI model 130 conductivity meter and pH was measured using hand-held Hanna Field pH meter. Environmental variables were also recorded, including pothole size, shape (circular, ellipse, half-circles, and complex), depth (shallow, intermediate, deep) , water depth and presence or absence of aquatic vascular vegetation.
Water depth is an estimate of the deepest part of the pothole and represents an average of several measurements taken in the center of the pothole. Water samples for chemical analyses were collected from about 10 cm below the surface by reaching out approximately 50 cm from the edge of the pothole with pre-cleaned and pre-rinsed polyethylene bottles. These samples were filtered through a 0.45 lm filter in the field. Two water samples were collected from each pothole; one for the measurement of anions and one for the measurement of cations. Water samples were kept cool and in the dark until returned to the lab where concentrated nitric acid was added to the cation samples. Samples were shipped to the Department of Geology and Geophysics at the University of Minnesota and analyzed for Si, Fe, Mn, Ca, Mg, Na, K, F, Cl, NO 2 -N, NO 3 -N, Br, PO 4 and SO 4 . The anion samples were run on a Dionex ion chromatography system with a GP40 gradient pump, a CD20 conductivity detector, and an AS40 autosampler. The system uses a carbonate/bicarbonate eluent on an AS14 analytical column. The cation samples are run on a Thermo Elemental PQ ExCell quadrupole based inductively coupled plasma mass spectrometer (ICP-MS). Samples submitted prior to September 2000 were analyzed using a Perkin Elmer Elan 5000 ICP-MS. PO 4 was removed from all analyses because all values were below detection limit.
A rock sample collected from Pothole Point (PHPT of Figures 1 and 2A ,) was used for a laboratory model to examine the response of the black biofilm to the addition of water. Sediments ± hydration were also collected from five potholes near Pothole Point to determine the response of the aerobic heterotrophic population to hydration.
SCANNING ELECTRON MICROSCOPY (SEM)
The general structure of the black coating (not desert varnish) on the upper surface of a pothole rock sample from Pothole Point was mounted on an aluminum SEM stud via a carbon tack, then gold sputter coated and examined by using scanning electron microscopy (SEM) (LEO 435VP) at 15-20 keV. An uncoated sample was also prepared for SEM-EDS (energy dispersive spectroscopy) without gold coating to determine the elemental composition of the black coating and examined using a LEO 435VP/EDS (Quantum Kevex -3300) system.
BACTERIOLOGY
One cm 2 samples of dried and laboratory hydrated biofilm (after 1 month incubation at room temperature) were scraped using a 70% ethanol sterilized spatula from the mineral surface, processed through 10-fold limiting dilutions in 0.85% (wt./vol.) saline solution and spread plated onto a R2A (Difco â ). Plates were incubated at RT for 2 weeks before enumeration. Aerobic heterotrophs were also enumerated from five potholes before (i.e., dehydrated material) and after field hydration in 2002. Briefly, sterile distilled water was added to the pothole samples, which were allowed to incubate for 2 weeks prior to sampling and analysis. DESERT POTHOLES 
CLASSIFICATION OF EUKARYOTIC ORGANISMS
An initial table of eukaryotic organisms that were identified by (co-author) Graham over a period of reconnaissance observations with supporting microscopic and SEM identifications since the 1980s, and compiled from previous government reports is provided (Table III) . It would require significant man-hours and sustained funding to do more long-term monitoring to establish the detailed cycles and controls on eukaryotic organisms. However, the table shows both the variety and diversity of organisms.
STATISTICAL ANALYSIS
Principal components analysis (PCA) was used to study the relationships between different environmental variables and to compare chemical conditions between potholes from different locations and within a single pothole over time. Any chemical variables that were measured in amounts above detection limit were included in the PCA, and depth, pothole shape and vegetation were included as passive variables. PCA was done using the computer program CA-NOCO, version 4.02 for Windows (ter Braak and Smilauer, 1997).
Results and Discussion
PHYSICAL AND CHEMICAL LIMNOLOGICAL PROPERTIES
The Sand Flats (SAFT) and Swiss Cheese Ridge (SWCR) sites are approximately within the lower half of the Lower Jurassic Navajo Sandstone (Figure 3 ). The Pothole Point (PHPT) locality is at the top of the Jurassic Navajo Sandstone and the Bartlett Wash (BARW) locality occurs within the Middle Jurassic Curtis Formation/Moab Tongue. The Muley Point-Moki Dugway (MPMD) is located within the Permian Cedar Mesa Sandstone. Field mapping (Doelling, 1993 (Doelling, , 2001 ) and detailed stratigraphy (e.g., Peterson and Pipringos, 1979; Peterson, 1994) provide a good framework for host rock studies. These eolian sandstones are well-sorted quartz arenites with high porosity and permeability and are weakly cemented with silica (quartz overgrowths), clays, iron (hematite), and carbonate (calcite) (e.g., Chan et al., 2000, Figure 4 ). Netoff et al. (1995) proposed a classification of different pit types based on their cross-sectional form: cylinders, bowls, armchairs, and pans. Alternative classification schemes have focused on width to depth ratios to characterize pits [see summary in Netoff et al., 1995] . Some potholes, where large piles of wind-blown sand can be moved from one side of a large, deep pothole to the exact opposite side in just 1 year, can be clearly related to wind processes (Netoff, 2000, personal communication) . However, the development of other potholes may show a strong tie to microbial and higher life forms that are sustained because of accumulated water. The enclosed geometries of the potholes suggest that these ''closed systems'' were mainly formed by a combination of wind abrasion and erosion, and perhaps biogeochemical dissolution (Kurtz and Netoff, 2001 ). Other factors observed in this study such as ice, microclimate variations, biochemical processes appear to have additional effects on pothole formation. 
DESERT POTHOLES
The potholes from each of the four main study sites have different morphologies, which likely indicate differences in origin and stage of development. In the case of PHPT, small shallow pools form where water collects on the exposed gently-dipping sandstone, but oddly, many of the shallow potholes seem to have some optimum spacing even in the absence of any joints or fractures in the rock (Figure 2A ). The potholes at SAFT and SWCR are perched on topographic highs of sandstone ridges and are deeply carved and often cylindrical in form ( Figure 2B ), whereas the potholes at BARW are a combination of deep and shallow potholes with simple ( Figure 2C ) to complex ( Figure 2D ) shapes. For many of the potholes at SAFT, SWCR and BARW there is clear joint control (matching regional mapped joints) on the development of potholes, where the potholes are preferentially aligned along the fractures, which likely focus water flow and accumulation ( Figure 2E ). Still other potholes, are formed in a connected chain from water pouroffs ( Figure 2F ).
All of the PHPT potholes are relatively small in area ($1-64 m 2 ) and have shallow water depths, whereas the deepest pools are at SAFT and SWCR (Table I ). The amount of aquatic vegetation also varies considerably between potholes. At PHPT there is insufficient water and sediment to support aquatic plants, and at SWCR and SAFT the steep sides of the potholes may limit aquatic plant growth. However, the potholes with intermediate depths, found both at SAFT, SWCR and BARW can contain considerable aquatic vegetation.
Summary statistics for water variables are provided in Table I . Surface temperatures of dry potholes can get as high as 60°C (Graham, 1999) . The highest water temperature we noted was 34°C in May of 2003, and water temperatures of 35°C have been recorded in this same area in July (Scholnick, 1994) . Temperature varied from the top to the bottom of one pothole (99-11) by 5.3°C (19.9°C at the top to 14.6°C at the bottom). Temperatures have also been noted to fluctuate diurnally by as much as 17.5°C, which is similar to results reported by Scholnick (1994) . We have observed ice present between the winter months of November and February, and of particular interest is that at times some of the potholes freeze to the bottom. Some potholes experience repeated freeze/thaw cycles -melting occurs at the edges during the day and refreezes at night. This freeze/thaw cycling could contribute to weathering and pothole growth (Alexandrowicz, 1989) .
Similar to temperature, pH varies seasonally (pH 7.4-10.1) and also diurnally (ranging from pH 7 at night to pH 10 in the day; Graham, 1999) . The changes in pH are a function of cyanobacterial (see below) and other algal (photosynthetic) activity, in which CO 2 is ''fixed'' from HCO 3 ) releasing a hydroxyl ion (Thompson and Ferris, 1990; Scholnick, 1994) . In addition, heterotrophic respiration, which is relatively more dominant at night, produces organic acids that also reduce the pH (in combination with the CO 2 ) to achieve low pH values recorded in the early morning. A key to diurnal cycling is the oxygen, where high O 2 during the day promotes aerobic respiration, i.e., CO 2 production. Low/no O 2 during the night causes biofilms to become anaerobic, resulting in the formation of organic acids via anaerobic respiration (Ramsing et al., 1993) . Variations in other chemicals related to oxygen availability, are therefore, indirectly affected by cyanobacteria and algal activity. A PCA plot was constructed to explore the relationships between chemical variables and to examine differences between the four sites ( Figure 5 ). The total percentage of the variance explained by the first four axes was 79%, with eigenvalues of k 1 ¼ 0.29, k 2 ¼ 0.27, k 3 ¼ 0.12 and k 4 ¼ 0.11. Because the third and fourth eigenvalues are relatively low, further discussion is limited to the first and second axes. Based on the plot ( Figure 5A ) and component loadings (Table II) , several salinity-related variables, including specific conductivity, Ca, Na, K, Cl, and SO 4 are important in determining the first axis. Mean values for all major ions (Table I) , except for Ca, are below values typically reported for lakes and rivers (Wetzel, 2001) . The dilute nature of potholes is the result of a combination of resistant bedrock, negligible soil cover and little atmospheric fallout (Gladney et al., 1993) . Calcium values are higher than other ions because it likely originates from calcite cement in the sandstone, which would be easily weathered.
Salinity varies temporally (see pothole 99-2 and 99-7 in Figure 5B ), however, despite high evaporation rates, changes in salinity in potholes are small (in 99-2, specific conductivity ranges from 95.5 to 218.9 lS cm )1 and in 99-7 from 124.6 to 265.5 lS cm )1
). These findings are in agreement with previous suggestions that total salt content of freshwater ephemeral pools would be low throughout the year as a result of low initial salt concentrations (Horne, 1967; Williams, 1985; Scholnick, 1994) . Several studies have suggested that salt weathering could play a role in pothole formation (e.g., Netoff et al., 1995) , however, our data suggest that this is unlikely. Mean values and standard deviations for specific conductivity and major ions are similar in SAFT, SWCR and BARW (Table I) . PHPT potholes are slightly more dilute than the other potholes because these potholes have shorter hydro-periods and only contain water immediately after a rainfall when ions would be least concentrated. Rainwater measurements from nearby Canyonlands (38E 27. Based on the plot ( Figure 5A ) and the component loadings (Table II) , Mn, Fe, NO 3 -N, Br, and SO 4 are important in determining the second axis, although the values of Br are always low and frequently below detection. The mean values of Fe and Mn for SAFT, SWCR and BARW are typical of Figure 5 . PCA plots of water chemical variables illustrate (a) the relationships between chemical variables measured at the potholes and (b) pothole similarities. In plot (a) each water chemical variable is plotted as an arrow, such that the length of the projection onto an axis is directly related to the importance of that variable in determining that axis. Arrows of variables that are positively correlated are plotted such that the angle between the arrows is small, and variables that are negatively correlated are plotted in opposite directions. Variables that are not correlated plot at 90 degrees to one another. Plot b is constructed such that the distance between sites approximates the Euclidean distance between the sites in n-dimensional space (ter Braack, 1995) . Therefore, the closer together two sites are the more similar the sites are in terms of water chemistry. Site names are provided on the figure (also see Figure 1 ). The last four numbers of each site name are the date the sample was taken, whereas the first three numbers are the pothole number and the first letter refers to the site (P ¼ Pothole Point; S ¼ Sand Flats; W ¼ Swiss Cheese Ridge; B ¼ Bartlett Wash and M ¼ Muley Point Moki Dugway).
freshwater (Wetzel, 2001) . The low values at PHPT may be due to the fact that they only contain water for short intervals (days) following rain events. The mean values for SO 4 and NO 3 -N are also generally typical of freshwater systems (Wetzel 2001 ). Potholes at PHPT (mean ¼ 2.3 mg L )1 ), B0060200 (2.9 mg L )1 ), B1060401 (2.6 mg L )1 ) and S2010202 (3.3 mg L )1
) have relatively high values of NO 3 -N, and are also shallow (<17 cm). The concentration of NO 3 -N in rainwater has been measured at Canyonlands and Green River and values of between 0.6 and 1.99 mg L )1 were reported for winter (12/03-02/25) and spring (02/25-05/27), when the highest values of NO 3 -N are recorded in our study (NADP, 2004) . Therefore, variations in the concentration of NO 3 -N cannot be explained by rainwater alone. The high values of NO 3 -N could be the result of greater fixation by cyanobacteria mats, which line the potholes (see below). In these shallow potholes the mats are only partially covered by sediments, whereas at the other sites greater sediment accumulation would limit light penetration, and therefore cyanobacterial growth, including nitrogen fixation, and any subsequent N-cycling processes, i.e., nitrification.
The second axis appears to be related to redox potential, although this needs to be tested further. In the PCA plot, Fe and Mn are positively correlated, whereas SO 4 and NO 3 -N are negatively correlated to axis 2 ( Figure 5A , Table II ). Mn and Fe will increase, whereas SO 4 and NO 3 -N will decrease as conditions become more oxygen-deficient (e.g., Moser et al., 2002) . Photosynthetic and metabolic processes can cause large seasonal and diurnal fluctuations in oxygen in small ephemeral pools (Hamer and , 1991; Scholnick, 1994) . Oxygen measurements taken over a 24-h period at one pothole, 99-2, showed that at night and in the early morning oxygen becomes low, but during the late morning to early evening oxygen values are high ( Figure 6 ). Similarly, Scholnick (1994) found that during the day potholes in the Moab area were hyperoxic (240 Torr) and during the night were hypoxic (40 Torr). Scholnick's (1994) study also showed that oxygen concentrations varied seasonally, with oxygen decreasing with time after filling events. The PCA plot and results from a Pearson correlation table (results not shown) indicate that Fe is significantly (p £ 0.05) positively correlated and NO 3 -N and SO 4 are significantly (p £ 0.05) negatively correlated with water depth. It would be expected that potholes with greater surface areas relative to depth would have enhanced diffusion between the atmosphere and water, and therefore oxygen fluctuations would be limited in deeper potholes (Scholnick, 1994) . The deep potholes of SAFT are more protected from wind, which would reduce mixing and limit oxygen availability to the bottom of the potholes, perhaps explaining the higher values of Mn and Fe at these sites.
Figure 5B illustrates individual potholes on the PCA plot -the closer together two points are the more similar the water chemistry is between the two potholes. Potholes from the same site do not necessarily group together, although the three PHPT sites plot together in the lower left-hand quadrant. The location of these sites on the plot indicates the elevated NO 3 -N and low Fe and Mn values in these potholes. Two BARW potholes, 2-10 (B2100202) and 1-06 (B1060401), plot in the lower right-hand quadrant indicating elevated SO 4 values. It is not clear why these potholes have elevated values, but some of this may be a function of proximity to mineralization along the Moab fault (Garden et al., 2001) . The position of pothole 99-7 (B9970401) on the plot is characterized by high values of Fe (381.8 lg/L) and Mn (344.4 lg/L). It is clear from the plot, however, that the water chemistry of 99-7 varies considerably overtime, and these elevated values probably correspond to a period of low oxygen.
The Muley Point-Moki Dugway pothole, plotted as the solid black box on the far right of the diagram, is similar in terms of water chemistry to the Moab potholes. The main difference is that it contains slightly higher salinity values, which may be the result of its less protected location, which would lead to greater inputs of atmospheric dust. Finally, it is clear that the temporal variations in a single pothole (e.g., 99-2 and 99-7) are as great as potholes from different sites.
MICROBIAL COMMUNITIES
The black coatings, which commonly line the bottom of early stage potholes or appear as a ''high-water'' ring around later stage potholes, are composed of desiccated microorganisms (Figure 7) . The black coatings may also coat the tops of small flat pebbles to cobbles within the potholes. These desiccated microorganism films only produced a carbon signal using SEM/EDS, demonstrating that the black coloration is not due to the presence of secondary minerals (e.g., manganese oxides -data not shown). The addition of water to these desiccated biofilms promoted the growth of filamentous cyanobacteria (Figure 8 ), which function as the primary producers in early stage pothole environments. Ortega-Calvo et al. (1995) suggest that the ability of terrestrial bacteria to retain water through the production of 'hygroscopic extracellular polymeric substances', i.e., capsule, causes large volume changes during drying and wetting cycles that dislodge grains and magnify the weathering effects of freeze-thaw cycles. Also, at near neutral pH, Vandervivere et al. (1994) found that chelators, e.g., organic acids, are the most important factors in mineral dissolution. This is particularly relevant to the peculiarities of these potholes, where the levels of organic acids in these restricted environments will build up and become concentrated at the mineral interface due to desiccation and ''sealing'' of the pothole by the biofilm. The lower pH measured at night must be the result of anaerobic respiration and formation of organic acids because the pH is not acidic during the day, when aerobic respiration and CO 2 formation would be most active. Mineral dissolution in the Moab pothole areas is facilitated because of the weak to moderate silica, clays, iron, and carbonate cementation of the host rock, which presumably accounts for the observed preferential weathering patterns. Silica (both as grains and cement) is susceptible to weathering as bacteria attempt to concentrate elements limited in their environment, e.g., iron (Adams et al., 1992) and phosphate (Banerjee et al., 2000) , which is limited at some of these sites (see above). Also, Bennett et al. (1996 Bennett et al. ( , 2001 proposed that microbial weathering of quartz grains could be due to their need for micronutrients, e.g., Fe, Co, Zn, Mo, Cu, or Ni, which are represented in trace amounts in the sandstone (data not shown). Microbial mats (Stal, 1995) and endolithic microbial communities are common in hot and cold desert environments (Friedmann, 1980 (Friedmann, , 1982 . Clearly, life is sustained in the potholes, and these biofilms show a very intimate relationship with the substrate and seem to be a precursor to Figure 7 . Scanning electron microscopy (SEM) photomicrographs of dried black biofilm prior to any hydration. The surface of the desiccated biofilm possessed a bacteria-scale, honeycomb architecture (a), which looked as if an organic blanket had been ''tossed'' over the microorganisms (b). This coating presumably contributes to survival during desiccation and to the capture of water after a rain event. Bars equal 10 lm.
developing the more complex biotic communities that exist in the larger potholes (Table III) .
Dried sediments collected from the bottom of later-stage potholes possessed 1.5 · 10 6 (cfu/g) aerobic heterotrophs. After hydration, the average population of aerobic heterotrophs increased almost two orders of magnitude to 1.2 · 10 8 cfu/g. This increase in heterotrophic plate counts presumably results from the input of organic carbon from the primary producers and perhaps from recycling of organic waste produced by the higher organisms in these ecosystems. Regardless, these bacterial populations can in turn support the grazing populations even within small pothole environments (e.g., snails at PHPT).
Although bacteria are undoubtedly important in the weathering process, other biological agents such as lichens also play a roll in mineral weathering. Lichens are visibly present on rock surfaces throughout the study area (detailed data beyond the scope of this paper) forming roughly circular weathering features up to 15 cm in diameter. Lichens are known to be able to weather the sediments of many rock types due to the production of significant amounts of oxalic acid (Edwards et al., 1992) . Oxalic acid can mobilize Figure 8 . Scanning electron microscopy (SEM) photomicrographs of the black biofilm after laboratory hydration, i.e., biofilm growth. Upon adding water, the organic blanket breaks down (a and b) or is perhaps, consumed by the microorganisms, leading to the development of a biofilm composed of filamentous cyanobacteria and their associated heterotrophs that are usually seen in association with the filamentous organisms (c and d). Note: both lower images are higher magnifications of the upper images. Bars equal 50 lm (a and c) and 5 lm (b and d).
potassium (Russell et al., 1998) , which is limited in the rocks of our study due to the purity of the eolian sandstones. Weathering in hot and cold deserts can also be conducted by fungi not in symbiotic lichen association (Friedman, 1982) . However, our SEM observations agree with Bell et al. (1986) who suggested that fungi do not play as important a role on the Colorado Plateau as they do in other hot and cold deserts because the rainfall is slightly greater, causing increasing competition between organisms.
HIGHER EUKARYOTES
The diversity of life found in potholes is considerable (Table III) . As potholes enlarge and evolve, they contain increasingly complex ''microcosms'' of life, ranging from prokaryotic to eukaryotic organisms (including a variety of algae, such as diatoms and chrysopytes, and protozoans, such as testate amoebae (subphylum: Sarcodina; superclass: Rhizopoda). Pothole communities differ from pool to pool (morphologies, parent rock, setting, etc.), from one seasonal filling to the next. Interestingly, two potholes that appear similar in terms of physical and chemical properties can be comprised of entirely different communities. For example, there are pools that consistently have tadpoles adjacent to others that never have tadpoles. Dodson (1987) hypothesized that predation was an important factor structuring pothole communities. The role of predation may not be as clear as Dodson (1987) proposed (T.B. Graham, unpublished data) , however predation may influence community composition of potholes under certain circumstances. Backswimmers (Belk and Cole, 1975) eat fairy shrimp (Woodward and Kiesecker, 1994) and tadpole shrimp, and tadpole shrimp in turn eat fairy shrimp. These interactions are probably important in determining which species are consistently found in a pool, and whether the species composition remains fairly constant during a particular wet phase. Changes in species composition in a pool can have ramifications on other components of the ecosystem, e.g., if fairy shrimp feed on algal species differentially, predation that reduces fairy shrimp numbers significantly may alter algal community structure; predation on tadpole shrimp could reduce the amount of bioturbation, altering the water chemistry of the pool. Tadpoles can also alter the environment of pools by stirring up sediment, selectively eating algae, and recycling nutrients (Seale, 1980) .
POTHOLE DEVELOPMENTAL STAGES
The photosynthetic microbial mats in Moab presumably function as a geobiological agent, which modifies its environment. These contemporary mats/ ecosystems also demonstrate a successful approach for the development of improved growth conditions within an extreme environment. A photosynthetic microbial mat is presumably the dominant 'organism' present during the initial stage(s) of pothole formation. The subsequent persistence of an individual mat and development of a pothole is dependent on the efficient coordination of resources by the diverse microbial populations that comprise the mat.
For the purpose of this paper, we recognize two end members of developmental stages: 1. Early, simple pothole stages are relatively small and shallow and have microbial black mat films (Figure 2A, C) . 2. More developed deeper, complex pothole stages, which generally sustain water longer (throughout the year) and have a variety of life forms ( Figure 2B , D, E). Very small potholes only contain water for brief periods of time, whereas deeper potholes can maintain water for greater lengths and sometimes even perennially during average to wet years. Larger potholes tend to contain greater habitat diversity (they have sediment bottoms, rock walls, sometimes aquatic plants), and therefore, meet the requirements of a greater number of species. Reduced light in very deep potholes, however, limits habitat availability, and therefore, species diversity.
A specific corollary to our hypothesis is that microbial mats help ''seal'' potholes, which helps to maintain water within them. The black surface of the potholes appears to glue the sand grains together (Figure 6 ) and likely functions to help hold water, preventing desiccation of the microbial mat by slowing the percolation of water through the porous sandstone matrix. The role of the microorganisms in sealing the potholes is in direct contrast to the role of microorganisms in catalyzing the weathering reactions responsible for pothole growth. This dichotomy in function may be reflected in the diversity of microorganisms occurring across the weathering profile, but this would require further study.
COMMUNITY LIFE IN EXTREME ENVIRONMENTS
In the initial, simple pothole stages, higher organisms are unable to compete with the microorganisms because the environment is too harsh (Friedmann and Ocampo, 1976) . The cyanobacteria found in the microbial mat associated with the shallow potholes are presumably the most competitive primary producers, i.e., the environment is sufficiently extreme to prevent algae and higher plants from taking over as the dominant primary producers. The extreme nature of these systems also keeps the populations of grazing organisms low. However, over time, the continued successful colonization of these systems by microorganisms, i.e., the deepening in these shallow (cmdeep) potholes, reduces the environmental extremes allowing higher organisms (Table III) to compete with the microbial mat. It is only with continued deepening of these potholes, causing a reduction in radiant and water stress, that a greater diversity of plants and animals are able to successfully colonize these environments.
In order to survive in the desert environment, biological communities likely take one of several adaptive strategies (Graham 1999 ): 1. Cryptobiosis (anhydrobiosis-life without water), where organisms tolerate desiccation while still maintaining and storing biologically active substances Madin et al., 1978; Crowe, 1991) . Organisms shut down metabolic activity (still maintaining the metabolic essence) during dormancy, and then later come to life upon rehydration. 2. Dessication resistance (''Tupperware'' strategy), where organisms seal moisture inside the body and become dormant. 3. Escape, where an organism may reach a certain stage where it can leave (e.g., insects that develop from the larval stage and can eventually fly away). Cryptobiotic organisms are capable of surviving long periods without water as well as other extreme environmental conditions. When dry, pothole sediments and the organisms in them are exposed to high (>60°C) and low (<)20°C) temperatures and increased ultraviolet radiation. In the dormant, cryptobiotic state, these organisms can survive these environmental stressors as they wait for rain to fall again. In fact, some of these organisms have been shown to be able to tolerate conditions they have never experienced in their evolutionary history. Rotifers have been revived after exposure to extreme temperatures: )273.15°C (almost absolute zero, )459.67°F), to 150°C (300°F) (Crowe, 1991) . Some tardigrades can withstand an X-ray dose of 570,000 roentgens; 500 roentgens will kill most humans (Crowe, 1991) . Brine shrimp eggs have been glued on the outside of spacecraft and flown in the vacuum of outer space, then retrieved and hatched (Planel et al., 1980; Gaubin et al., 1996) .
Summary
Desert potholes are remarkable ecosystems, and provide us with the opportunity to explore relationships of water, rock, and life in small aquatic environments. Moab potholes occur at a variety of scales from centimeters to decameters on eolian sandstones that form homogeneous, porous host rock. Despite the similarities in host rock, the limnology of the potholes shows both spatial and temporal variation. Individual potholes experience widely fluctuating temperature, pH, oxygen, anion and cation variations, as well as moisture-desiccation. Some of these extreme variations (i.e., oxygen and pH) are the result of the microorganisms living in the potholes, whereas others are the result of the harsh climate of the desert environment. Despite the extremely variable environment of the potholes, all potholes, regardless of size, appear to have biofilms supported by cyanobacteria and containing bacteria. The cyanobacteria presumably serve as the primary producers supporting the ecosystem whereas the heterotrophs are likely doing most of the mineral weathering, which helps create space for the Photoautotrophs. More complex potholes have a greater diversity of organisms including aquatic life, plant life, insect life, invertebrates, and vertebrates. Many of the organisms have adaptive strategies (e.g., cryptobiotic) to survive in the extreme conditions. Whether these systems can endure anthropogenic effects (e.g., cattle, atmospheric pollution) or other disturbances has yet to be determined.
Questions regarding pothole formation, development, and ecosystems are multifaceted. Past studies have largely focused on single variables or small groups of variables, but the study presented here attempts a more comprehensive approach that examines chemical, physical, and biological features, and interrelationships between them. Future studies will help discern the interactions of environmental controls and the development of life in desert aquatic settings, as well as applications to other comparable systems.
The search for biosignatures and extraterrestrial life on other planets has relied heavily on understanding potential analogs here on Earth (e.g., Banfield et al., 2001; Wierzchos and Ascaso, 2002) . These potholes can serve as a springboard to understanding the relationships, structure, organization, and responses of microbial life in small aquatic systems. As new remote sensing techniques or mechanical life-detection devices (e.g., those used on a Mars Exploratory Rover) are developed, potholes can serve as good analogies of meter-scale biomarkers that might be detectable on other planetary bodies.
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